PCR-based methods are the most common technique for sex determination of birds. 19
Introduction 41
Accurate sex determination is critical in wildlife management, captivity breeding 42 programs and studies on behaviour, ecology and evolution. It is especially challenging 43 in monomorphic bird species (i.e. species with no phenotypic differentiation between 44 males and females) and nestling/juveniles or when samples are obtained without 45 handling individuals (e.g. non-invasive sampling). Sex determination in birds relied 46 originally on observational studies and palpation or expensive and complicated 47 surgeries, hormones analyses or endoscopies. However, these techniques were mostly 48 inaccurate, posed a threat for life or required expensive and complex facilities that 49 hamper their extension. These issues have been partially solved by molecular 50 techniques using karyotypes and, more recently, amplifying the duplicated sex- area, travel to remote locations and return to the original core area) were biased towards 94 females after deploying high-resolution global positioning system and accelerometer 95 tags (GPS-ACC tags) on adult birds. These long-range forays likely represent failed 96 breeding attempts (Spiegel et al. 2015) , but further studies focusing only in female birds 97 are needed to disentangle among the causes and consequences of these movements for 98 the population persistence. In this example, a large number of vultures are captured in a 99 walk-in traps in a single monitoring/sampling/tagging effort, but only some of them (e.g. 100 a tenth) are equipped with expensive GPS-ACC tags (Spiegel et al. 2013) . A molecular 101 technique for sex determination that could be fully applicable under field conditions 102 would be, therefore, desirable to deploy GPS-ACC tags preferably in female birds while 103 minimizing handling time of all captured birds. 104
In this study we introduce a molecular approach based on LAMP for sex determination 105 of Griffon Vultures in 90 minutes (see BOX 1). Female-specific primers were designed 106 to amplify a CHD fragment located in the W-chromosome and results were compared to 107 those obtained under standard lab conditions as a reference. We developed a fully 108 operational field technique for Griffon Vultures, using vacuum-dried primers and 109 stabilizers to preserve enzyme activity. Furthermore, we successfully applied these 110 primer sets also to Egyptian Vulture (Neophron percnopterus, Linnaeus 1758) and 111
Black Kite (Milvus migrans, Boddaert 1783) and proved for the first time the utility of 112 LAMP for sex determination in birds across species. 113
114

Material and Methods 115
We extracted DNA from fresh blood samples stored in absolute ethanol of four females 116 and four males of Griffon Vultures, Egyptian Vultures and Black Kites using a NaOH 117 based extraction protocol (Truett et al. 2000) . We chose this protocol because it is 118 simple and fast hence can also be implemented in the field. First, we run one PCR per 119 sample under standard lab conditions for sex determination to be compared to our 120 LAMP-based protocol using 1x BioTaq 
KU563741) 136
Sex determination by LAMP 137
Two sets of primers are required for sex determination (table 1) . ACCIW targets CHD-138 W (specific of females) and positive LAMP reactions will be characteristic of females. 139 ACCIZ targets CHD-Z and it is used as a positive control for DNA quality and/or to 140 monitor LAMP reaction. Consequently, only females will amplify CHD-W (ACCIW+) 141
and CHD-Z (ACCIZ+) and males will be ACCIW-confirmed only after rejecting any 142 failure during LAMP reaction by amplifying CHD-Z (ACCIZ+, positive control). 143
Otherwise (ACCIZ-) repetition of LAMP reactions will be required to ensure a correct 144 sex determination. 145
LAMP primer design 146
We designed two specific primer sets of forward and backward external primers 147 (F3/B3) and forward and backward internal primers (FIP/BIP) (figure 1) specific to 148
Griffon Vultures based on a sequence of CHD-W (GenBank accession number: 149 EU430640) and CHD-Z based on the three studied species (GenBank accession 150 numbers: KU563739-KU563741, this study) (table 1). Primer selection for ACCIW 151 required preliminary assays of primer design and optimization in experimental 152 laboratory conditions following recommendations summarized in Tomita et al. (2008) . 153
Primers for ACCIZ were designed using Primer Explorer V4 software (Eiken Chemical 154
Co., Ltd., Japan; http://primerexplorer.jp/e/). We prepared a primer-mix for each marker 155 (ACCIW and ACCIZ) and eight reactions containing vacuum-dried primers in a final 156 concentration of 1.6 of internal (FIP/BIP) and 0.2 of external (F3/B3) primers 157 and stored them at room temperature. 158
LAMP reactions 159
We prepared a ready-mix for eight reactions as in Hamburger et al. (2013) to preserve 160 enzyme activity at room temperature and make it portable and effective for field 161 conditions. This mix was composed by 1x enzyme buffer, dNTP 0.4mM, betaine 1M, 162 2% sucrose (used as stabilizer) and 8 units of Bst DNA polymerase (New England 163 Biolabs) per reaction. The ready-mix can be stored for months at room temperature 164 (Hamburger et al., 2013) and although we did not evaluate it specifically, we observed 165 amplifications days after their preparation. Prior to LAMP, we rehydrated the primer-166 mix with the same volume of molecular biology grade H 2 O than before being vacuum-167 dried and transferred its whole content to the microtube containing the ready-mix. 168
Finally, 23L of this mix were pipetted to PCR-tubes and 2 L of the 1:100 diluted 169 DNA were added. LAMP reactions were incubated between 45 to 80 minutes and 170 temperatures ranging between 55 to 69 ºC (table 1) . LAMP-amplified products were 171 detected by running a 2.5% agarose gel electrophoresis. We stained LAMP reactions 172 
The lab in the field 221
Logistic is one of the major issues to make a protocol applicable to field conditions. 222
Using thermo-blocks instead of thermo-cyclers cheapens and facilitates enormously the 223 procedure. However, reagents and primers used for biochemical reactions usually need 224 special storage conditions such as freezing or cooling that complicate their shipment 225 and delivery. The primer-mix (dehydrated primers) and ready-mix (reagents with 226 stabilizers) prepared prior to their shipment and delivery allow long-term storage at 227 room temperature and prevent their degradation. Although freeze-drying (i.e. 228 lyophilisation) is widely accepted as the preferred technique for achieving long term 229 storage of biological materials and oligonucleotides (Day & Stacey 2007), we chose 230 vacuum-dried primers over lyophilized because i) they were kept safe at room 231 temperature and ii) involved lower costs (vacuum driers). We also tested different 232 concentrations of sucrose to stabilize the ready-mix reagents and keep them at room 233 temperature and found that concentrations up to 2% worked optimally in the three tested 234 species. This concentration kept reagents at room temperature at least for seven days 235 and did not decreased the efficiency of LAMP reactions. We observed inhibition of 236
LAMP reactions as sucrose concentration increased above 8% of the reaction volume 237
(data not shown) in close agreement with the only and previous work optimizing 238 sucrose in LAMP reactions (Hamburger et al. 2013) . 239
We recommend an initial effort to find an optimal DNA extraction protocol and dilution 240 of DNA template to decrease the proportion of inhibitors per reaction, especially if non-241 invasive samples (e.g. feathers, faeces…) are used. We followed a hotshot NaOH 242 protocol for DNA extraction (Truett et al. 2000 ) from blood samples because it was 243 simple and fast (10 mins / 100ºC in NaOH 100 mM) so it can be easily performed in 244 field conditions. However, a 10 to 100 fold dilutions were needed not only to reduce the 245 amount of DNA, but also to decrease the proportion of inhibitors therein. We applied 246 
Conclusions and perspectives 291
We have optimized a LAMP-based protocol for sex determination suitable for fieldwork 292 for three raptor species belonging to three different subfamilies within Accipitridae. 293
This is a relatively large family with more than 300 species with an important role as 294 top predators essentially in all terrestrial ecosystems around the world. Our successful 295 LAMP application of the same primer sets across species of three different raptor 296 subfamilies is a promising fully operational tool for molecular sexing of raptors in field 297 conditions. To our knowledge, this is not only the first fully operational field 298 application of the LAMP sex-determination technique, but also the first demonstration 299 of the utility of this approach beyond the single-species level. Furthermore, this novel, 300 portable and accurate molecular technique for sex determination is simpler (it does not 301 require electrophoresis) and cheaper than PCR-based methods (Hamburger et al. 2013; 302 Pooja et al. 2014) , it can provide results in less than 90 minutes and be applied during 303 regular fieldwork conditions. Moreover, the potential of the methodology described 304 here goes beyond its application to raptors (Accipitridae) and aims to be extended to 305 higher taxonomic levels within Aves based on the homology and relative well conserved 306 region of the widely used CHD gene for sex determination across taxa (Griffiths et al. 
